The effect of cross-linker (methylene-bis-acrylamide) (MBA) on the volume phase transition, mechanical properties and de-swelling of Poly(N-isopropyl acrylamide-co-methylene-bis-acrylamide) hydrogel (PNIPAAm/MBA hydrogel) was investigated. A new method, namely isothermal thermogravimetry was developed for monitoring de-swelling of PNIPAAm/MBA hydrogel. Monomer/ Cross-linker ratio of the initial monomer composition R = moleNIPAAm/moleMBA was introduced. It has been proven earlier that initial monomer composition is close to the copolymer composition; hence R values may be used to express cross-link density. Hydrogels from R10 to R150 were investigated. The results of DSC analysis revealed that the less the cross-linker ratio in the gel (from R10 to R150) the more sharp the temperature range of volume phase transition and the higher its enthalpy. Cross-link density, namely increasing cross-linker content in the copolymer (R from 150 to 10) does not significantly affect the temperature range of volume phase transition. It sets on at 33˚C -34˚C, and ends between 35˚C and 38˚C. Cross-link density has significant effect on compression modulus. By decreasing the ratio of cross-linker (by increasing R from 10 to 150), the compression modulus increases, goes through a maximum, and then decreases. The highest compression modulus was measured for PNIPAAm/MBA hydrogel R20. Hydrogels with cross-linker content between R100 and 30 are strong enough and have their thermoresponsivity. Isothermal thermograms of de-swelling are of similar character for all the gels with different cross-linker content. During the initial stage of de-swelling for gels with higher cross-linker content (R10 -R15) the solute release is quicker than for gels R20 -150 and the thermograms are drawn out. In the initial stage of de-swelling, i.e. during the first 40 minutes the rate of solute release is the highest for gels R70 -150. The cross-linker content effects solute release, especially for gels with high crosslinker content. It is noteworthy that gels R10 -15 release solute quicker than gels R30 -50 and * Corresponding author.
Introduction
Tanaka discovered in 1978 the phenomenon that poly(acryl amide) gel swollen in water replies to a change of the environment (temperature, mix composition etc.) [1] . Nowadays there are special journals on intelligent materials such as the "Journal of Intelligent Material Systems and Structures" or "Smart Materials and Structures".
Gels are between solids and liquids. Solids retain their form, and they can be deformed. Gels in solid state also retain their form, even if they take up high quantity of liquid, and they are deformable. Due to their high liquid content their physico-chemical properties are similar to those of solutions [2] .
Gels are colloid systems consisting of two or more components. One component is the liquid or solute, which is in high quantity in the gel (e.g. vitreous body in the eye, muscle, contact lens etc.). The other component is the polymer. The branched polymer network plays the role of a skeleton in the polymer gel hindering the flowing out of the solute from the gel. The solute however hinders the collapse of the polymer network. Gels are used in the separation technique, such as gel-permeation chromatography or gel-electrophoresis. These examples show that gels are mostly polymer gels. Low-molecular gels are mainly based on clay minerals. The driving force of volume change of polymer gels is the endeavor to reach thermodynamic equilibrium. Based on the interaction between the component particles of the gels, physical and chemical gels can be distinguished. In physical polymer gels the network is supported by secondary forces, namely orientational forces between polar groups, inductional forces between polar and apolar groups and dispersional forces between apolar groups. Physical polymer gels are not stable.
If there are hydroxil and amino groups in the polymer molecules, hydrogen bridges can form due to Van der Waals forces. If the molecules posses charge there may arise electrostatic or Coulomb forces between them. In addition interpenetrating or interlocking polymer networks may also form. In chemical polymer gels in the polymer network of infinite molecular mass, the atoms are bonded chemically by covalent bonds. Chemical gels are stable. They may form by cross-copolymerization or by polymerizing a monomer in the presence of the solution of a high molecular mass polymer resulting in interpenetrating or interlocking polymer networks.
In intelligent polymer gels the change on the effect of physical or chemical stimulus takes place in the polymer component. Chemical stimulus may be pH, ions, or chemicals. These stimuli will change the interactions between the polymer chains, or between the polymer chains and the solute molecules. Physical stimuli, such as temperature, electric or magnetic field, mechanical forces also effect the molecular interactions [3] . This type of behavior has been utilized in many fields of application such as thermoresponsive membrane [4] , in vitro cell cultivation [5] , drug and gene delivery [6] , biosensor [7] , fluid microchip [8] , and many other bio-medical applications [9] - [11] . Garie'py and Leroux reviewed the thermo-responsive gels including poly sacharids, poly (N-isopropyl acrylamide) copolymers, poly(ethylene oxide-b-propylene oxide-b-ethylene oxide), and their copolymers (poloxamer), the poly(ethylene oxide-co-D,L-lactic acid-co-glycolic acid) copolymers, the lyposome based systems and their possibilities of application [12] .
The properties of intelligent gels may be modified by coupling their reply to two different types of stimuli, e.g. pH and temperature [13] [14] .
Poly(N-isopropyl acrylamide) (PNIPAAm) is prepared from N-isopropyl acrylamide (NIPAAm) by free radical polymerization (Figure 1) .
PNIPAAm hydrogel is one of the most widely studied thermoresponsive hydrogels. It has a lower critical solution temperature LCST) in the vicinity of 34˚C [15] . It has a negative temperature-susceptibility i.e. on increasing the temperature the volume decreases [3] (Figure 2) . Below LCST the gel is hydrophylic, above LCST it becomes hydrophobic. Since the phase transition is near to body temperature, intensive research for bio-medical applications is in progress [16] . PNIPAAm consists of hydrophylic carbonyl and amide groups and hydrophobic isopropyl groups. In contact with water the hydrophylic groups form hydrogen bridges, while within the polymer chains intramolecular interactions arise. On increasing the temperature conformation of the isopropyl groups takes place and the hydrophobic interactions between the polymer chains dominate. The rivalry of hydrophylic and hydrophobic interactions determines the gel structure [17] - [19] . PNIPAAm hudrogel is neutral; it belongs to the inert gels.
For determining the LCST turbidimetry, calorimetry, light scattering, nuclear magnetic resonance spectroscopy (NMR), oscillation rheometry [20] , fluorescence spectroscopy, Fourier transform infrared spectroscopy may be used [21] .
Many authors confuse initial monomer composition with cross-linker content or cross-link density of the copolymer. Chetty and co-workers investigated the relation between the initial monomer composition and the composition of the formed cross-linked PNIPAAm hydrogel. It has been found that the copolymer gel composition was very close to the initial monomer composition [20] . Therefore the copolymer cross-link density can also be expressed with the monomer to cross-linker ratio, namely with the R values, i.e. R = mole NIPAAM monomer/mole Methylene-bis-acrylamide (MBA) cross-linker in the initial monomer composition.
Aim
Since the possibilities of application of PNIPAAm hydrogels are extremely wide, the effect of cross-link density on the temperature range of phase transition, on the mechanical properties and on swelling and de-swelling has not yet been fully elucidated. Therefore we studied the relation between the cross-linker content and phase transition temperature, compression modulus, rheological properties swelling and de-swelling of PNIPAAm hydrogels. We developed a novel method to monitor de-swelling by isothermal thermogravimetry. The new method enables the selection of the desired composition (monomer to cross-linker ratio) based on the rate of solute release, and it can be extended to investigate other cross-linked hydrogels. Results on the effect of cross-link density on swelling and rheological properties will be discussed in a later publication.
Experimental
The materials used for gel preparation are given in Table 1 . PNIPAm was recrystallized two times before use, the other components were used as received. 
Preparation of Gel Sheets
Nitrogen gas was bubbled through water for half an hour in order to remove oxygen. The glass plates were cleaned, sealed with silicon rubber and put into the refrigerator to cool to about 5˚C. 1 molar NIPAAm solution, 0.1 molar MBA solution and 0.5 molar APS solution in water were prepared, and put in the refrigerator. The required quantities of the solutions were put in flasks according to Table 2 . TEMED was added directly before pouring the solutions between the glass plates. After adding TEMED and homogenization the glass plates were filled with the solution and they were placed into the refrigerator for one week. After one week the gel sheets were removed from the glass plates by rinsing them with water. The gel sheets were transfered into excess water and dialized for removing the monomers. Trace of monomer was checked by UV spectroscopy (UVIKON 930). From the purified gel sheets disks of 7 mm diameter and 2 mm thickness were cut and stored in conditioned laboratory.
Preparation of Cylinders for Modulus Measurements
The cleaned cylindric containers and the glass plates were put in the refrigerator. Glass plates greased with silicon served as support underneath the cylindric containers to hinder the solution to flow out. After preparing the solution of the required composition, it was poured into the cylindric containers and treated similarly to the gel sheets. After removing the gelled cylinders from the containers, they were dialized daily until monomer-free.
Methods

Micro DSC
Temperature range and enthalpy of volume phase transition was determined by Micro DSC III. One disk of dry gel was measured, put into the sample cell, and 500 µl double distilled water was put into the reference cell. The temperature range of the scan was 10˚C -60˚C the heating rate 0.5˚C/min. After having reached the 60˚C a controlled cooling with 0.5˚C/min followed, then a standstill for 120 min at 10˚C, followed by a second heating to 60˚C with 0.5˚C/min. Phase transition is recognized as an endothermic peak between 33˚C -34˚C.
Modulus Measurement
Height and diameter of the cylindric gels swollen to equilibrium without load were measured. The load was 5 N applied as a uniaxial compression with Instron 5543 up to deformation of 10% of the height of the cylinder. Time of relaxation was 3 s. The deformation of the isotropic, flexible and homogenous probes can be described by the Neo-Hooke law, from which compression modulus was calculated [2] .
Monitoring De-Swelling
For the measurements gel disks at equilibrium were used. The thermal analyzer was Perkin Elmer TGA6. Isothermal thermogravimetric measurements took place at 37˚C in flowing nitrogen. Five parallel measurements were carried ou for each R values.
Calculation of De-Swelling
For the calculations the accurate dry mass of the disks was needed. It was calculated from the swelling mea- 
Results
Results of DSC Analysis
The results of DSC analysis of PNIPAAm/MBA gels with different cross-linker content are represented in Figure 3 , the evaluation of peak temperatures and the enthalpy of phase transition is given in Table 3 and Figure 4 . From Figure 3 and Table 3 it is clear that the less the cross-linker ratio in the gel (from R10 to R150) the more sharp is the temperature range of volume phase transition. It is noteworthy however that the enthalpy of volume phase transition increases with decreasing cross-linker content (Figure 4) . The reason for this is the high concentration of NIPAAm, which is responsible for thermoresponsitivity. It may be concluded that cross-link density, namely decreasing cross-linker content in the copolymer (R from 10 to 150) does not significantly effect the temperature range of volume phase transition. The onset temperature of phase transition is 33˚C -34˚C, the phase transition ends between 35˚C -38˚C ( Figure 3 and Table 3 ).
Evaluation of Compression Modulus of PNIPAAm Hydrogels with Different Cross-Linker Content
The results of Compression modulus measurements are represented in Figure 5 . Cross-link density has a significant effect on the compression modulus. By decreasing the ratio of cross-linker (by increasing R from 10 to 150), the compression modulus increases, goes through a maximum, then decreases. Hydrogels with cross-linker content between R 100 and 30 are acceptably strong enough retaining their thermoresponsivity.
Evaluation of De-Swelling
Solute release of PNIPAAm/MBA gels of different cross-linker content was monitored by isothermal thermogravimetry at 37˚C. The results are represented by Figure 6 .
As seen from Figure 6 the process of de-swelling is of similar character for all the gels with different crosslinker content. During the initial stage of de-swelling for gels with higher cross-linker content (R10 -R15) the solute release is quicker than for gels R20 -150 and is drawn out. In order to compare the de-swelling of the different gels, trend-lines were fitted to the first 40 minutes of the de-swelling curves. The equations of trendlines fitted to the initial stage (1 -40 minutes) of the de-swelling curves are given in Table 4 . The rate of solute release may be expressed by the steepness (-tan alpha) of the trendlines. Table 3 shows the equations of the trendlines fitted to the initial stage (1 -40 minutes) of the de-swelling curves. The relation between the rate of solute release (-tan alpha) and cross-link density is represented by Figure 7 and Table 5 .
In the initial stage of de-swelling, i.e. during the first 40 minutes the rate of solute release is the highest for gels with R70 -150. The cross-linker content effects solute release, especially in case of high cross-linker ratio. Noteworthy is that gels R10 -15 release solute quicker than gels R30 -50 and their rate of de-swelling is comparable to that of gels R100 -150.
Conclusions
The effect of the ratio of monomer (NIPAAm) to cross-linker (MBA) on the volume phase transition, on compression modulus and solute release of (PNIPAAm/MBA) hydrogel was investigated. A new method, namely isothermal thermogravimetry was developed to monitor the de-swelling of PNIPAAm/MBA hydrogel of different cross-linker content. Based on the results of DSC analysis it may be concluded that the less the cross-linker ratio in the gel (from R10 to R150), the more sharp the volume phase transition and the higher the enthalpy accompanying it. The reason for this may be the high PNIPAAm content in the copolymer, which is responsible for thermosensitivity. Cross-link density, namely increasing cross-linker content in the copolymer (R from 150 to 10) does not significantly effect the temperature range of volume phase transition. The onset temperature of phase transition is 33˚C -34˚C; the phase transition ends between 35˚C and 38˚C. Cross-link density has a significant effect on the compression modulus. By decreasing the ratio of cross-linker (by increasing R from 10 to 150), the compression modulus increases, goes through a maximum, and then decreases. The highest compression modulus was measured for PNIPAAm hydrogel R20. Hydrogels with cross-linker content between R 100 and 30 are acceptably strong enough and retain their thermoresponsivity.
Isothermal thermograms of de-swelling are of similar character for all the gels with different cross-linker content. During the initial stage of de-swelling for gels with higher cross-linker content (R10 -R15) the solute release is quicker than for gels R20 -150 and is drawn out. In order to compare the de-swelling of the different gels, trend-lines were fitted to the first 40 minutes of the de-swelling curves. The rate of solute release has been expressed by the steepness (-tan alpha) of the trendlines.
In the initial stage of de-swelling, i.e. during the first 40 minutes the rate of solute release is the highest for gels with R70 -150. The cross-linker content effects solute release, especially in case of high cross-linker ratio. It is noteworthy that gels R10 -15 release solute quicker than gels R30 -50 and their rate of de-swelling is comparable to that of gels R100 -150.
Finally it can be concluded that PNIPAAm hydrogel R90 has the most favourable properties; it has ideal swelling-de-swelling behavior, a sharp temperature range of volume phase transition and is strong enough based on modulus measurement.
The developed new method of thermogravimetry is able to select hydrogels based on the rate of solute release. The method can be applied to monitor the de-swelling of other types of cross-linked hydrogels. 
